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. 
RONDW/PRESTO 

PROGRAM FOR RENDEZVOUS MISSION TRAJECTORY OPTIMIZATION 

ABSTRACT 

This report presents documentation for the addition of an orbital 

rendezvous option to the trajectory optimization program known as 

PRESTO VERSION DELTA which was developed fo r  NASA Langley Research 

Center. This option provides a program capability of determining 

boost to rendezvous trajectories with a moving target of specified 

ephemeris such that the time and location of the rendezvous will be 

optimized simultaneously with the boost trajectory shaping. Rendezvous 

occurs when the booster and the target have identical position and 

velocity vectors. 
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1. FOREWORD 

This report was prepared by the Aerospace Sciences Iaboratory 

uf the bckheed Missilea and Space Company, Pa10 Alto, California. It 

represents the final documentation for the addition t o  the d i g i t a l  cam- 

puter Program f o r  Rapid Earth-to-Space Trajectory Optimization (PRESTO) 

of an orb i t a l  rendezvous option (ROIVDVU), developed as Task I1 of NASA 

Contract NAS 1-5255 f o r  the Iangley Research Center. A F O R "  source 

l i s t i n g  and symbolic deck included w i t h  the master copy of this report 

caoplete the program documentation. Dr. R. C. Rosenbaum was responsible 

for program development. Dr. Rosenbaum, Mr. R. E. Willwerth and 

W. R. L. Moll were responsible f o r  the engineering development, and 

the major portion of the computer programing was done by Mr. Moll. 

The work performed was under the cognizance of Mr. R. L. Nelson and 

Mr. D. I. Kepler of the U S C  Aerospace Sciences Iabomtory. 

* 

* 
Published as NASA CR-158 by Robert h'. wiiiwerth, Sr., IXdiezfi c .  

Rosenbaum, and Wong Chuck. 
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2. INTRODUCTION 

The ability of PRESTO to evaluate the perfomnce of multi-stage 

boost systems has been extended to include orbital rendezvous missions. 

Modifications to the basic PRESTO program, plus the addition of 

the RONDVU subroutine, have resulted in the capability of boosting to 

rendezvous with a moving target af specified ephemeris such that the 

time and location of the rendezvous w i l l  be optimized simultaneously 

with the boost trajectory shaping. 

and the target have identical position and velocity vectors. 

Rendezvous occurs when the booster 

Solution of the rendezvous problem for the maximum payload capa- 

bility of a given booster requires the use of a nonplanar trajectory, an 

adjustable launch time and initial launch vector, and an optimized thrust 

vector orientation program. 

is also affected by the duration of the coast, the minimum allowable 

coast altitude, and the duration of thrust cycles on either side of the 

coast. 

If a coast stage is permitted, the payload 

The PRESTo/RONDVU digital computer program solves this perfonnsnce 

problem by the simultaneous optimization of pitch and yaw tilt programs, 

terminal constraint canbinations (implicit) , intermediate state variable 
constraints, and a variety of adjustable parmeters w i t h  a closed-loop 

steepest descent optimization routine. 

A general description of how the RONDW subroutine fits into the 
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basic PRESTO program organization is presented in Section 3 along w i t h  

two block flow diagrams. 

serves as a manual for operating the program, including input and output 

discussions and comments on trouble shooting. A l l  equations used in the 

RONDW subroutine are listed in Section 6. Section 7 provides a discus- 

sion of the theoretical aspects required to modify PRESTO for the rendezvous 

problem, and indicates where changes were made in existing subroutines. 

New symbols are defined in Section 4. Section 5 
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3 PROGRAM ORGANZATION 

Sequencing of Trajectory Iterations - 
The sequence of t ra jectory i terations and the canputational flow 

among subroutines for  the rendezvous mission is identical  t o  tha t  i n  

PRESrO except f o r  the addition of the RONDW subroutine. 

each forward trajectory, the PRESrO subroutine MISCON c a l l s  RONDW, which 

canputes the target ' s  position and velocity vector from an ephemeris that  

is input i n  conventional orbi t  elements. 

are used as the terminal constraints fo r  the  boost trajectory.  

derivatives of these variables are a lso  evaluated by RONDW fo r  use i n  

the control equations as discussed i n  Section 7. 

A t  the end of 

The ta rge t ' s  state variables 

The time 

RONDVU Flow Charts 

The function of the Ro14wu subroutine is t o  correctly set the launcl 

and rendezvous times, and convert the target's orb i t  elements t o  the 

instantaneous t ra jectory variables existing at the rendezvous time, and 

compute their corresponding rates at  this time. Branches are available 

for both circular and e l l i p t i c  orbits.  

subroutine . 
RoMlw is called frm the  MIS" 

A conceptual f l o w  chart, showing the general camgutS.i;ioml fls- ,  is 

presented on the next page. 

shows a l l  the tests, logic, and equations used. 

grams are ccnnplimentary, since the second represents exact documentation. 

Following that is a detailed flat chart  which 

These two block flaw dla- 
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A listing of a l l  variables appearing i n  the RONDW subroutine, plus 
the new variables added t o  PRESTO 

ACTN 

ALPHILE: 

ANEXCN 

A" 

BSIDOT 

DA 

DA 4(1) = 2 E  = 

DA 4(2) = r = 

DA 4(3) = Y I  = 

DA 4(4) = $I = 

DA 4(6) = T~ - - 
DA 4(5) = 1 = 

DA 4(7) = rp = 

4(8) 

DA 5(2) 

DA l O ( 1 )  = 2E = 

DA l O ( 2 )  = r = 
P 

Answer from 4-quadrant a rc tan  routine 

R i g h t  ascension of booster's present position 

Eccentric anomaly of booster's position during 
coast (COAST) 

Mean anomaly of booster's position during coast (COAST) 

B vector * t i m e  derivative of terminal constraint (MEQ) 

Double precision form of A matrix (MEQ) 
* Boosters stoppinR par meter and terminal constraints 

fo r  R0M)W mission * 
Twice the t o t a l  energy of the orb i t  

Instantaneous radius a t  the rendezvous time 

I n e r t i a l  

Ine r t i a l  

U t i tude  

Iner t ia l  

fll@t path angle a t  the rendezvous t i m e  

azimuth angle at  the rendezvous time 

angle at the rendezvous time 

longitude angle a t  the rendezvous time 

Radius of perigee 

Available 

Fractionai m-t of k%~z& +_be  in Space ARe Dste 

)(.+ Orbit elements for  the target  

Twice the  t o t a l  energy of the target's orb i t  

Radius of perigee of the target's orb i t  
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DA io(3) = i = 

DA l O ( 4 )  = ne - - 

DA io(6) = Bp = 

DA lO(5) 

DA lO(7) 

DA lo@) 

DA n(1) 

DA 11(2) = i. = 

DA 11(3) = iI = 

DA ll(4) = 4, = 

DA 11(5) = A = 

DA n(6)  = +I = 

DA 11(7) = 0.0 

DA 11(8) = 0.0 

DP1 

DP 3 

Dp4 

D p 5  

D P ~  

Dp7 

n p 8  

DP 9 

Dp 10 

DP 11 

D P l 2  

Inclination of the target's orbital Plane 

Inertial longitude of the ascending node 

Fractional part of perigee time in Space Age Days 

Argument of perigee measured In the target's plane 

Integer part of perigee time in Space Age Days 

Integer park of launch time in Space 
wt Target vector rates ++ 

Rendezvous time in 

Time derivative of 

Time derivative of 

Time derivative of 

Time derivative of 

Time derivative of 

Space Age Days 

target's radius 

target 's inertial 

target 's inertial 

target's latitude 

target's inertial 

flight path angle 

azimuth angle 

angle 

longitude angle 

Double precision form of target's perigee time 

Double precision form of DA l O ( 5 ) ,  t fraction 

Double precision form of DA 10(7), t integer 

Double precision form of DA 5(2), TCO fraction 

Double precision form of DA 10(8), TCO integer 

P 

P 

Double precision form of tentative new fractional part 
of launch time in Space Age Days 

Double precision form of current rrrAv(8) 

Double precision fonn of TIM!" 

Double precision form of rendezvous tima 

Double precision form of rendezvous time integer for 
output 

Double precieion form of rendezvous time fraction for 
output 

- 1  
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. 

FMU 

IP 10 

IRV 

JRV 

KK1gRV 

PARTL 

m 

PTcAZl 

PTcLl 

RVBMYT 

RVBJ3TA 

RVCBET 

FNCSIN 

RVCSLA 

WEXAl 

RVEXAN 

RVM 

Change to be made in launch time of dsy 

Eccentricity of booster's orbit during coast (COAST) 

Function used in relating true and eccentric anomalies 
( W T )  

p y  gravity constant 

Non-subscripted form of IP( 10) 

= 0 RONIlw will not be called 
= 1 calls ROIVDW for circular target orbit 
= 2 calls RONDW for elliptic target orbit 

Used as counter in ROlODW 

Used as index in RONDW 

Return code for RONDW assign go to ststements 

Matrix of partial derivatives across a coast (COAST) 

Partials of coast time w i w  respect to trajectory 
variables (COAST) 

Partial derivative of coast time with respect to 
azimuth (COAST) 

Partial derivative of coast time with respect to 
Latitude (COAST) 
*RVxmc are RONDW variables at the rendezvous time * 

~~ 

Targets true ananely time derivative 

Targets in plane range angle from ascending node 

Cosine of RVBETA 

Cosine of inclination of target's ofbit 

Cosine of target's latituae 

Target's eccentric anamrly, first estimate 

Target ' s eccentric anamaly 

Eccentricity of elliptic target orbit 
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RVEXSQ 

RVH 

FlvMEAN 

m 
m 
mLF 

FNREVS 

RVSBET 

RVSNIN 

RVSNIA 

FZVSPCO 

RVSPSI 

RVRPOP 

KWEL 

RVW1 squared 

Target ' s awl- momentum 

Target's mean anomaly 

Target's mean motion 

Target's longitude angle measured frm amending node 

Semi-major axis of ta rge t ' s  o rb i t  

Target's true anomaly 

Sine RVBETA 

Sine of inclination of target's o rb i t  

Sine of target's latitude 

Special cosine = 1. - cosine El 

Special s ine  = El - sine El 

Required Part of O r b i t a l  Period 

Target's iner t ia l  velocity a t  rendezvous t i m e  

Storage f o r  DTAU(8), launch time adjustment 

Tangent of the angle 

Numerator of TAltAa 

Current t i m e  i n  space age date 

hunch t i m e  i n  space age date 

Time frm launch including coasts 

Longitude 
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5 .  PROGRAM OPE'RATION 

Data Input: Fonnat and Discussion 

DATA BIMlKS 

Data required f o r  the RONDW version of PRESTO are grouped and 

input i n  data blocks exactly as i n  the basic PRESTO. 

mission requirements are discussed below. 

The special  RONDW 

Data Block 4: Options 

(1) 

(10) Triggers rendezvous computations. 

may be called for  e i ther  a circular target orbit, or f o r  an e l l i p t i c  

target  orbi t ,  or bypassed entirely.  When bypassed, the pragrcua m y  be 

used t o  generate reference t ra jector ies  and corresponSing target ephemeris 

data t h a t  would be the basis fo r  parametric studies investigating perturba- 

t ions i n  the target  ephemeris. 

Wnar and planetary transfer missions are not available. 

The RONDW subroutine 

(20) Forces t h e  perigee radius constraint t o  be imposed on the  

coast stage regardless of the normal tests: this is vital for successfil 

computation of t ra jec tor ies  requaring violent maneuvers, as the perturbed 

ta rge t  ephemeris t ra jec tor ies  mentioned ab-. 

Data Block 5: Stage Sequence 

C o a s t  stage 9 must be used If the radius of perigee constraint is  to 
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be applied. The circular park orbit option is not available. 

Data Block 8: Terminal Constraints 

RONMN has been coded for the following sequence: stopping para- 

meter = TWO E 

7, 9, 10, 8). 

ascension for 

(Code l), terminal constraints r, yI, $ , A, T~ (Codes 14, 

The longitude constraint (#8) has been converted to right 

Provision has been made for up to 

I 

the rendezvous mission. 

eight terminal constraints, which is one more than required when the pro- 

pm adds the perigee radius cont,traint. 

first four terminal constraints may be used for any of the available 

parameters. m e  fifth, if it is used, must be inertial longitude. 

If ROlODW is not called, the 

Data Block 15: liminal Constants 

(2) The gamma increment has been assigned the sign of g8tma, and 

the value of .OOW is suggested. 

Data Block 19: Terminal Constraint Magnitudes 

RONDW computes these magnitudes at the rendezvous time for each 

iteration. 

be input for the first case of every series of cases to a specific value 

of TWO E, since RONDW is not called until the end of the initial naninal 

trajectory. 

However, the magnitude of the stopping parameter TWO E must 

Dsta Block 20: Iaunch Time 

The second word is the fractional part of the launch dste expressed 

in Space Age Days, and must have the correct sign. For example, if 

TGO = -37.632, DA 5(2) = -0.632. (See Data Block 25.) 

5 -2 



Data Block 23: State Variable Constraints 

Minimum allowable a l t i t ude  (feet)  f o r  coast stage 9, losded i n  the 

I third word, is used i n  the radius of perigee constraint (as i n  PRESTO). 

b 

1 

Data Block 24: Nominal Rsnge Angles 

Accurate estimates fo r  the nominal range angle traversed by coast 

stage 9 improve computational speed by reducing the terminal errors. 

Data Block 25: Target Ephemeris 

The orb i t  elements necessary t o  define the target  vehicle o rb i t  are 

specified. 

of the  target  i n  the orb i t  i s  determined by specifying the time of passage 

through perigee, measured i n  Space Age Days. The eighth word i s  the whole 

par t  of the launch date. 

gee time and booster launch date) allows "double precision" accuracy. 

Since one second 1 

for accuracy t o  wi th in  one second. 

the fract ional  part .xxxxl separately gives even greater accuracy. The 

argument of perigee may be defined t o  be zero fo r  convenience with circular  

orbi ts .  

Angles are radian measure frm 0 - + 2n only. The positjon 

Two data word input far these dates (target peri- 

day, a launch i n  1970 requires TGO =I 365x.xxxx1 

Input of the whole part 365x. and 

Data Block 26: Instantaneous Target Rates 

Internal computation by RONMN uses t h i s  data block f o r  storage 

of the  instantaneous state variable rstee cf the target at the rendezvous 

t i m e .  

constraints (a f te r  the f i r s t )  as defined i n  Section 5 f o r  DA l l (x) .  

Units are feet/second and radians/second. 

The quantit ies are stored i n  the same sequence as the terminal 
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Special Input Data 

IP(10) RONDW flag I 

= 0 bypass RONDW 
= 1 circular  t a rge t  o rb i t  
= 2 el l - ipt ic  ta rge t  orb i t  

IP(20) Perigee radius constraint  flag 

DATA BIQCK TITLE 
NUMB i<R I 

4 Opt ions 

8 

15 

19 

20 

25 

28 

29 

FORMAT 

2411 

Terminal Constraints 913 

Nominal Constants 81312.8 

Terminal Constraint 8El2.8 
Magnitudes 

I n i t i a l  Times 2332.8 

Target Ephemeris 81312.8 

Convergence Data 6~12.8 

Permitted Values of 7~12.8 
Terminal Constraint 
and C o a s t  Perigee 
Constraint Deviations 

COMMENTS 

For RONDW, use stopping code 1. 
There are s i x  terminal constraints 
including mass; use the l is t  1-4, 7, 
9, 10, 8. 

CT6(2) = . O m  i s  suggested 

DA4(1), Wgnitude of the stopping 
parameter, must be input every t i m e  
a new value i s  desired. 

I 

DA5(2) Fractional par t  of Launch 
Date (with correct sign) i n  Space 
Age Wys (days from 1 Jan 1960, 0.0 h r s  U.T.) 

DAlO(1.) W O E  = (VI2 - 2p/R) 
DAlO(2)  Perigee radius, f e e t  
mio(3) Inclination, radians 
DAlO(4) I n e r t i a l  longitude of 

~ ~ i o ( 5 )  Decimal f rac t ion  of t a rge t ' s  

DAlO 6) Argument of perigee, radians 
DAIO 7) Whole part of tarflet 's  peri- 

gee t i m e ,  S.A.  Days 
DAlO(8)  Whole part of bunch Date, 

S. A. Days 

DA13(5)  Velocity t o  start open-loop 

ascending node, radians 

perigee t i m e ,  S.A. Days 

t 

computations must occur before i 
any coast or  burn t i m e  adjust-  
ab le  parameter i n  encountered. 

DA14(1) L i s t  i n  the  same order as the  
: constraints  (with perigee 

~~l4(7) radius last) 
Suggest 50,000 feet for  distances 
and .008 radians f o r  angles. 
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Output Format 

RONDVll COMPUTATIONS 

A t  the end of each forward trajectory, the RONDW subroutine computes 

and outputs values fo r  the pertinent times and state variables a t  the 

rendezvous t i m e ,  which is  defined as the time the booster achieves the 
I 

des i-red 

between 

booster 

b 
F '\ 

value of the stopping parameter. Direct comparison is  possible 

the state variables of the target and those achieved by the 

these are the terminal constraints tha t  the program is operating 

on. 

longitude, o r  more correctly, right ascension. 

Notice these are i n e r t i a l  qpantities, i.e., yI, q1, and i n e r t i a l  

Target Perigee Time 
Booster Iaunch Time 
Time from Iaunch, 

Including Coasts 
Rendezvous Time 

Space Age Days 
= m, S.A. Days 

= TIMCT, S.A. Days 
= TGO + TIMCT, S.A. Days 

2E =  VI^ - 2 p/R , (ft/sec) 2 TWOE 
Radius r , feet 
Flight Path Angle y~ , radians 
Azimuth $1 , radians 
Latitude x , radians 

radians Ungitude ae 

Subtraction of the booster variable from the target  variable gives 

the terminal constraint error  (a$), which, when multiplied by the proper 

3?I??SI from the backward trajectory, gives the change i n  f i n a l  weight 

associated with tha t  error. 

I n  addition, other target  R 0 " W  variables are output, although 

most are output as zero for  circular orbi ts  (Option 1). For e l l i p t i c  

5 -5 



orbits (Option 2), all quantities are output: 

Section 5 - Nomenclature. 
feet, seconds, radians, and radians/second for angular rates (RVN and 

they are defined in 

Units are as used internally In the program; 

RvBm) 

The input target ephemeris is also output, as are the achieved 

values of the booster's orbit elements at Injection. 

5 -6 



I 
I 

I 

1 

I 

Trouble Shooting I 

Listed i n  this section are some of the peculiar d i f f i c u l t i e s  that 

can be encountered using the RONDW subroutine. 

of the troubles r e su l t  from erroneous o r  omitted input data. 

that may be encountered and their solutions are listed below. 

As i n  PRESTO a great mny 

Other troubles 

o Failure t o  input WOE i n i t i a l l y  o r  whenever a new value is 

desired. 

Usage of the coast stage w i l l  generally require cal l ing the 

radius-of-perigee constraint. For smll perturbations on a 

reference target ephemeris, the internal  tests may be suffi- 

c ien t  t o  trigger this constraint. However, f o r  large target 

ephemeris perturbations, t h i s  constraint must be imposed 

through the use of Option 20. 

o 

o Poor input naminals, especially i n  terms of input THETA, CHI, 

weights, and burn times. The RONDVU subroutine when used f o r  

t ra jec tor ies  w i t h  large perturbations from a reference target 

ephemeris becomes very sensit ive t o  inputs. 

maximum payload t ra jectory m i g h t  have only two t o  four seconds 

of burn time after the coast t o  injection in to  orbit .  

the  t ra jec tory  is terminated by the stopping parameter, i f  the 

first burn is too long, the stopping parameter w i l l  be acn ievd  

pr ior  t o  the coast stage. 

perhaps only by three quarters of a second, insuff ic ient  velo- 

c i t y  w i l l  be available a t  the star% of the coast stage t o  

For example, a 

Since 

If the burn time is too short, and 
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achieve the desired terminal al t i tude.  

Because of the repet i t ive nature of the timing of the problem, 

there are many solutions for a given ephemeris. 

version of PRESTO, a8 the basic PRESTO, w i l l  only seek a 

local optimum, This inrplies that the user has an excellent 

idea of what region he wants t o  be i n  for the result .  

me above arguments also imply that only small step siees 

should be taken i n  developing 8 parametric perturbation 

analysis fran a naninal. 

duces a large change in  the target's position forcing changes 

i n  the tra3ectory that are beyond the booster's c8pability. 

o 

The RONDW 

o 

A smsll change i n  launch time pro- 

I 
I 

I 
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6 .  EQUATIONS 

A specified target ephemeris of 2E, r i, ne, t and B i r  canbined 

w i t h  a rendezvous time TC t o  evaluate the target's instantaneaua position 

i n  its orbit ,  expressed i n  terms of P R E ~ ' s  state ~ r i a b l e e ,  along with 

t h e i r  time derivatives. 

P' P P 

Circular Orbit 

RONDW EQUATIONS 

2E = -p/rp 

8 '  = (TG - tp)  n 

B = e, + e '  

r = r  
P 

Y I  = 0 

El l ip t ic  Orbit 

2E = 2E 

RVH = r (2E + 2bb/rP) 

RV-r =, -p/2E 

3 
P 

U 

RPOP = m - tp 

M = (m - tp )  n 

E' = M - e sin E' 

3 V- = (2E + 2p/r) I 
e aln 8 '  

+ e coo 6' = 1 

t an  = cos i / ( s in  i cos e) 
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s i n  X = s i n  i s i n  fl 

tan v = (cos i s i n  @)/cos B 

7 = v + Q e  I 

Circular Orbit El l ip t ic  Orbit 

r = V s in  yI I 

= s i n  tI s i n  x n/cos A jI = s i n  $I s i n  A b/cos A 

i = s i n  (t $/cos A I I = s in  tI n/cos x 5 

e 

E' 

M 

n 

RPOP 

RVH 

RV-r cr 

tP 
0 '  

LIST OF SYMBOLS IWI'RODUCED FOR RONDW 

Eccentricity of target  orb i t  

Eccentric an-ly 

Mean anomaly 

Mean angular Blotion 

Required Part of Orbital Period, seconds 

Angular momentum of target ' 8  orb i t  

Semi-major axis  of target's o rb i t  

lbrget ' s  perigee time i n  Spece Age Date 

True anomaly 

The remaining nmenclature is  ident ical  t o  tha t  of PRESTO, although 

when used i n  the RONDW subroutine it applies t o  the target, not the 

booster. 
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IH 1 N E R T W - O R I E " E D  EQUAToRIAL SYSTEM 

OUTWARD 

Outu8rd Radial Direction variee vith time as the target travel8 i n  its 
orbit plane. 

R 

D 
"1 
P 

p1 
Y 
8' 

Target 'e position at rendezvaur 
time 
--- ~nimtorlal - projection of R 

Perigee of target's orbit 

EQuatorial proJection of P 

Vernal equinox 
True anomaly 

Right aecenuion of Outw8rd Radial 

B 

93 

be 

'e 
19 

i 

V 

In-plane angle from ascending node 
Argument of periw 
Inclination of target ' 6  orbit p h n e  
Ihtlination of O u M  Radial 
Inertial  longikrde rngle from 
aecending node 
Longitude of 14 
Ascending node of the orbit plsne 



7. DERIVATION OF OPTIMIZATION EQUATIONS AND PROGRAMMING 
FOR mNDEZVOUS OPTION 

The distinguishing feature of the rendezvous problem is that the 

terminal constraints are the position and velocity of a moving target 

and are  therefore f’unctions of time. In order t o  sa t i s fy  a time-dependent 

terminal constraint, several changes must be made i n  the PRESTO equations. 

The determination of the  influence of adjustable launch, coast, and 

burn times on terminal constraints does not make use of an absolute time 

scale. Consider the two t ra jec tor ies  sketched belcrw. 

BURN COAST BURN 

l-l-lbp+tcp~ 
NOMINAL 

PERTURBED 



is the length of the adjustable burn on the perturbed t ra jectory 

is the  length of the adjustable coast on the nominal t ra jectory 

is the length of the adjustable coast on the perturbed t ra jectory 

i s  the change i n  launch time 

%P 

tCP 

6tmTc 
6tL .I 

is the change i n  the burnout or  intercept time I 

* I  
The change i n  intercept time w i l l  be the sum of the changes i n  the adjust- 

able parameters plus the change i n  t i m e  of the f inal  burn stage. It is 
1 

1 
, 

important t o  note that the perturbed t ra jectory at point A corresponds t o  

the nominal t ra jectory a t  point A regsrdless of the fact that the absolute 

times are different.  

end of the t ra jectory is accounted for  when the adjoint variables are 

ini t ia l ized.  The ef fec t  of a l l  changes i n  time up t o  point A mucst be 

accounted f o r  by adjusting the S associated w i t h  the adjustable parameters. 

The effect  of the change i n  burn time from A t o  the 

The basic perturbation equation f o r  the rendezvous problem can be 

writ ten as 
t 3 = Ab + A M t  + S6? (1) dt + 'target [ % m n c h  + '$urn -t 6tcoast 
tf 

where 6tbUrn refers t o  the change in an adjustable burn stage and does not 

include the f i n a l  burn, 

and 

cept time. 

. 
is the  vector of target rates evaluated a t  the  nominal i n t e r -  

The presence of the Starget term i n  Eq. (1) corrects the desired 

change i n  the  terminal constraints (dq) for  any changes made i n  the 
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sdjustable parameters. Eq. (1) may be rewritten as 

t 

The columns of the S matrix associatedwith adjustable launch, coast, 

and burn times are adjusted by subtracting $target from them. 

done i n  the  TRAT subroutine at  the place where S is cmmted. 

8 
This is 

On a forward trajectory,  after the launch time has been changed, 
* 

the dg vector must be changed t o  include the additional term qtarget 6tL. 

However, during the closed-loop portion of a forward trajectory,  dg is not 

used. 

backward run. 

It has already been incorporated into B& and B:2 on the previous 

(See page 8-18 i n  PRESTO manual.) n is necessary t o  s tore  

two additional quantit ies during the closed-loop portion of a backward 

run. 

Write the control vector 6n, during closed-loop operation as 

&Y = B d O - D b x  

B12 where B =  

B2*. . . . . *2JC 
mer the launch time adjustment, d$ is replaced by d+ + 6tL. 

Substitute this  in to  the expression for  6cu t o  obtain 

. 
= B d Ib + B $target 6 5  - D6X 

Z%pnding Eq. (3) ,  one obtains 
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- 
JC JC 1 

B1l d$l + c *lJ d'j + ( c Bu idtsrget > 6tL 
j=2 3-2 

JC JC 
- D6x 

(4) 

The quantities t o  be stored on the backward run during closed-loop operation 

are JC 
P 

and 

The two sums are computed i n  MEQ and are stored i n  BSIDOT (MB1) and 

B" (ME), respectively. 

On forward runs, during closed-loop operation, BSIDOT is  multiplied 

by 6 t L  and is added t o  the equations for 6Tl and 6x. 

When the K vector is  computed i n  PCAL at the t point, Starget 6 t L  is  added 

t o  dg. 

This is done i n  PCAL. 

9 

The in i t ia l iza t ion  of the adjoint variables must a l so  be changed t o  

take into account the time-dependent terminal conditions. 

desired Ttopping condition and let  T be the unknawn t i m e  a t  which the  stop- 

L e t  ' ~ ( x )  be the 

ping condition i s  satisfied. 

write 

tf i e  the nominal stopping t i m e .  One may 

. 
c 
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where it is understood t h a t  6 t  re fe rs  only t o  the  change i n  time of the 

f i n a l  burn. Similarly, 

I 

I 

The stopping condition i s  satisfied when dz I = 0. Solve f o r  6 t  i n  Eq. ( 6 )  T 
I and subst i tute  i n  Eq. ( 5 ) .  The r e su l t  is 

L . I 

- Y  
A 

I -f 

or 

(7) 

I 

From Eq. (8) ,  it is seen t h a t  t he  ta rge t  rate is  subtracted fran the t e r -  

m i n a l  constraint  rate before computing the i n i t i a l  conditions on the adjoint 

variables. This is  done in  the ICs subroutine. 

i 

I 

Change i n  C o a s t  Radius-of-Perigee Constraint 

The purpose of the radius-of-perigee constraint  is t o  insure tha t  

the  a l t i t u d e  of the  t ra jectory during coast remains above a minimum al t i -  

tude. If the  coast does not contain the perigee, however, application of 

t h i s  constraint  w i l l  cause t n e  c&st a1titud.c t o  exceed the  minimum by a n  

amOUnt which depends on the geometry of the orbi t .  

be unnecessarily penalized. 

k. 

I 
I The payload would then 

The following procedure has been adopted t o  avoid t h i s  problem. If 

the f l i g h t  path angle a t  coast injection is positive, the m i n i m  coast 
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a l t i tude  w i l l ,  i n  general, be the a l t i t ude  a t  the start of the coast. If > 

this a l t i tude  violates  the minimum a l t i t ude  constraint, it w i l l  be con- 

strained t o  the desired value i n  place of constraining the radius of peri-  

gee. 
l 

If the fli@t path angle at the  start of coast is negative, the  coast  

w i l l  go through the  perigee and the radius-of-perigee constraint  w i l l  be 

applied. 
I 

During the i t e r a t ive  procedure, the program can switch back and 
1 

forth between the two constraints. 

There is  one exception. If the  f i n a l  a l t i t ude  is lower than the 'I 

a l t i t ude  at the s t a r t  of the coast, the  constraint  w i l l  be applied t o  

the a l t i t ude  at  the  start of the coast regardless of the sign of the 

f l i gh t  path angle. 

I 
I 

The radius-of-perigee constraint  does not work w e l l  I 

under these conditions. I 
A switch, I S ( k ) ,  is  set t o  +1 or  -1 depending on the  s ign of the  

f l ight path angle at  the start of the  coast. This i s  done i n  the  coast I 

section of the TRPJ subroutine. If the  a l t i t ude  constraint  is violated, 

t h i s  switch i s  used i n  the I C s  stbroutine t o  determine the set of adjoint 

variables tha t  w i l l  be in i t ia l ized .  
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“The apromuticd and space lrctivities of tbe United States shall be 
conducttrd zo r l ~  to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmospbere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of inforWion concerning its acthities and the results thereof.” 

-NAnONAL AERONAUTICS AND SPAC6 ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: Information less broad in scope but nevertheless 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Details on the availobility of  these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

N AT1 0 N A L A E R 0 N A UTI CS A N D SPACE A DM I N I STRATI 0 N 
’\.$ 

Washington, D.C. PO546 


